The present study aimed to create and characterize niobium and niobium-iron60% coatings applied to steel API 5L X70 using the hypersonic thermal spray process (HVOF). The morphologies of the coatings were analyzed using scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD) and profilometry, while the coatings' hardnesses was evaluated using the Vickers hardness test. The coatings' corrosion resistance was evaluated by monitoring their open circuit potential and potentiodynamic polarization and performing electrochemical impedance spectroscopy in a 0.05 M NaCl solution. The results showed that the niobium-iron coating contained minor porosity regions, while such defects occurred over large regions of the niobium coating. In terms of corrosion resistance, the coatings obtained in this work promoted a reduction in the substrate's corrosion rate, but the presence of discontinuities such as porosity compromised the barrier effects of these coatings.
Introduction
The recent discoveries of oil and gas reserves in Brazil's pre-salt region, located in deep water, have created a challenging situation for the employment of traditional materials such as carbon steel. This highly aggressive environment makes such materials highly susceptible to problems including corrosion and erosion, among others, which can lead to premature component failure 1 . Therefore, the development of new materials and technologies capable of meeting the requirements for the installation of extraction systems, conditioning and transport of oil and natural gas, with high resistance to attack by aggressive substances, has become increasingly necessary. These issues have come to represent the technological bottlenecks currently encountered in the sector 2, 3 . Among the available alternatives for metal surface protection in aggressive environments, such as the marine environment, the thermal spray process has been widely researched and used in recent years 1, 2, 4, 5 . Thermal spraying represents a range of techniques employed to obtain coatings that promote corrosion and wear resistance improvements in components [6] [7] [8] [9] [10] [11] at lower costs than other processes 1, 2 . In this process, a powder material is sprayed, melted or semi-melted by heat generated in the nozzle of a spray torch 5, 6 . After fusion, the material is projected against the surface to be coated, resulting in a layered structure consisting of flattened particles in the direction parallel to the substrate surface, containing, oxide inclusions, voids and porosity 1, 2 . Thermal spraying techniques are subdivided in several types based on the material to be applied to the heating source and the method of accelerating particles towards the substrate 12 . Among the various methods, high-velocity oxygen-fuel (HVOF) thermal spraying stands out for its ability to operate at lower temperatures 6 and the better quality of the coating obtained. In this process, a reaction occurs between a fuel introduced with oxygen into a combustion chamber. The combustion is initiated by an ignition system, and the energy released in the reaction is converted to heat and pressure that warm and boost the particles alongside the gas, forming a jet of flame 6, 13 . The particles reach hypersonic velocities, forming a coating with extremely low porosity (typically <1%) and high adhesion force 14, 15 . The major advantage of thermal spraying is its versatility because ceramics, metals, intermetallics, composites and polymer coatings can be sprayed 16 onto components with different geometries and sizes, and it can be applied in both factory and the field 17 . Moreover, when compared with other processes, thermal spraying has a lower environmental impact, lower cost and higher production rate 5, 8, 18 . In addition to providing corrosion and wear resistance, these coatings are applied on parts that require thermal 19 and electrical insulation and biological compatibility 9 , and are used to protect pipes against corrosion and erosion in the oil and gas industry 1 . Sprayed coatings can also be employed for improved resistance to high temperatures 20, 21 . Among the materials used for thermal spraying, niobium has been emerging as a material of interest to researchers, and the largest niobium reserves in the world are located in Brazil 1 . According to the literature, niobium possesses high corrosion resistance on multiple media due to the presence of a thin stable surface oxide film (Nb 2 O 5 ), which is strongly adherent and protective and is formed immediately when brought into contact with air 1, 22 . The addition of iron to the niobium decreases its hardness and tends to displace its corrosion potential values for more active potentials closer to the steel potential. Thus, when applying coatings on a steel substrate, the potential difference developed by the paired coating and substrate is decreased in the presence of surface defects, which also reduces galvanic corrosion.
In this context, the goal of this study was to create and comparatively characterize niobium and niobium-iron60% coatings applied to 5LX70 API steel substrate. The aim of this work is to develop coatings to improve the API 5LX70 steel corrosion in aggressive media and wear performances (in wear). By evaluation of the coating performance, it is possible to settle down the main parameters to adjust in the thermal spray technique aiming to corrosion and wear resistant layers in the work materials, for instance, those used in oil and gas industry.
Material and Methods
The substrate used in this work was API 5L X70 steel, the chemical composition of which is presented in Table 1 . The material was machined from a pipe measuring 170 mm in diameter and 13 mm thick.
Niobium and iron powders were used to create the coatings. The niobium powder's particle size had an average diameter of 37.6 μm, that of the iron powder was 54.2 μm and that of the mixture niobium-iron was 41.76 μm. A sheet of solid niobium measuring 2 mm thick was used for the electrochemical tests. Bar-shaped specimens were machined with dimensions of 120 × 20 × 9 mm, and then given a pre-treatment, prior of thermal spray process, constituted by the steps below.
• Cleaning with acetone in an ultrasonic bath for 5 minutes; • Blasting with white aluminum oxide (particle size 30/ Alundum 38 Å) at a pressure of 100 psi, distance of 100 mm and angle of 90°; • Preheating at 120 °C. The flowchart that sumarizes the steps for obtaining the coating appears in Figure 1 .
To obtain the niobium-iron mixture, the niobium and iron powders were placed in a double cone mixer at an average speed of 24 rpm for two and a half hours. After preparing the samples, the deposition of metallic niobium and the niobium-iron mixture was performed using the thermal spray process with a high-velocity oxygen-fuel flame (HVOF) and using a 2700 Sulzer Metco DJ pistol with a Sulzer Metco 9MP-DJ powder feeder. Figure 2 shows the thermal spraying equipment used to create the coating on the steel bar surface. The parameters used to obtain the layers in this study are described in Table 2 , and were determined based on Maranho's experimental tests 23 to obtain a final oxygen/fuel ratio of 4.6, close to the propane's maximum temperature rate.
The coating morphologies were evaluated using scanning electron microscopy (SEM) with two types of equipments: a JEOL 5800 microscope coupled with a dispersive X-ray analytical equipment (EDS), and a Noran JEOL 6060 microscope. To determine the layer thickness of the coatings, SEM micrograph analysis was carried out with Image J image analysis software. The dispersive X-ray analytical equipment was used for the chemical characterization of the coatings and obtained the coating thicknesses using the image analysis software Image J. The phases present in the niobium and iron powders and in the obtained coatings were determined by X-ray diffraction (XRD) with BrukerAXS D5000 equipment. The roughness of the coated surface was characterized with a CETR contact profilometer (PRO5003D model) by applying a 15-mg load on a 15-mM surface for 15 micrometers. Vickers microhardness tests were conducted on both the steel and solid niobium with a load of 0.5 kg and an indentation time of 15 seconds. The indentations in the coatings were made only on the cross-sectional layer, on which only random hardness differences along the profile were observed with a constant tendency. The coatings' corrosion performances were evaluated by open circuit potential (E OCP ) monitoring during the first hour of solution immersion, followed by potentiodynamic polarization curves and electrochemical impedance spectroscopy (EIS) measurements. All corrosion tests were performed in a 0.05 M NaCl solution. A three-electrode cell was used to perform these tests, with a platinum wire as the counter electrode and a saturated calomel electrode (SCE) as the reference electrode ( Figure 3 ). The area of the working electrode measured 0.626 cm2. The polarization curves were run (or collected) at a scan rate of 1 mVs -1 . The corrosion current densities and polarization resistance (Rp) values were obtained by Tafel extrapolation using Corrview  software, and are shown in Table 3 . Anodic Tafel linear extrapolation was obtained by considering a linear section of approximately 30 mV over the corrosion potential, while cathodic Tafel linear extrapolation was obtained from 30 mV below Ecorr. The samples were monitored for 96 hours before taking the EIS measurements, and the amplitude of the EIS perturbation signal was a sinusoidal 10-mV (rms) perturbation with a frequency ranging from 100 kHz to 10 mHz, with 10 points per frequency decade. The tests were run using a Solartron model 1255 frequency response analyzer and a PAR273 potentiostat. Figure 4a shows a cross section of the steel coated with niobium. The average thickness of the niobium coating was 267 μm, with a standard deviation of 31.9 μm. The figure shows that the coating had some porous regions, concentrated near the surface of the steel, surrounded by a more compact "matrix". Figure 4b illustrates the compact region from Figure 4a at greater magnification. The compact region was formed by plates more or less parallel to the material surface, with small porous regions. In Figure 4c further magnifies the same structure, making it possible to observe a cluster of unmelted particles and voids between these particles that indicate an inefficient metallurgical and plastic union. During the impact of molten or semi-molten powder particles, they deform the surface, promoting the coverage of surface irregularities by melting over each other, releasing heat to the substrate, and forming a lamellar structure during the coating's solidification process. This process is rapid and cannot occur perfectly, giving rise to the formation of porous regions 24 . Generally, HVOF-obtained layers use to be dense. Anyway, porosity is common even in coatings with excellent corrosion performance, as it is observed by Wang 25 . Figures 5a and 5b show a cross section of the steel coated with niobium-iron. The average thickness of this coating was 294 μm, with a standard deviation of 17.7 μm, and it had a more pronounced lamellar structure and defects in the porous regions. The absence of apparent porosity in the niobium-iron coating, and the presence of such defects in the pure niobium coating appeared to be associated with a higher melting temperature in the niobium particles due to the lower melting temperature of iron (Tm = 1538 °C) compared to that of niobium (Tm = 2469 °C), which promotes a better metallurgical union and agglomeration between the melted particles. Another factor that appeared to be related to porosity and its higher concentration close to the steel surface was the low temperature at which the substrate was preheated prior to the niobium coating application. The results obtained by Mellali 26 have shown that the initial deposited layers are more influenced by preheating because the contact occurs directly between the substrate and the deposited material in this case.
Results and Discussion

Scanning electron microscopy
By examining the interface between the coating and the steel, it was concluded that the material deposited on the steel surface adequately filled the irregularities etched for both coatings. No voids were observed between the substrate and coating and, in the case of niobium (Figure 4) , the porosity hardly approached the interface.
The top view of the sample surface covered with niobium is shown in Figure 6a . Note that the surface coating was formed by agglomerated particles, resulting in a very irregular surface. It is also possible to observe microcracks in the less rough parts and microporosity. This surface structure indicated a lack of sufficient particle compaction and agglomeration during the last passes because they did not receive other passes above them, meaning this level received more material and was subjected to a differential temperature and pressure compared to the coating's innermost region. In Figure 6b , it can be observed that the surface appearance of the niobium-iron coating has a similar structure to that of the niobium coating, but it also contains elongated agglomerates, and the surface has more compact appearance with fewer cracks. Figure 7 shows a cross section of the steel coated with niobium and created with secondary electrons, together with mappings of the elements Fe and Nb. There was no Cross section of niobium-steel60% coating. In (a) the coating consisted of a compact lamellar structure without porous regions can be observed. In (b) it appears at higher magnification the compact lamellar structure of the coating. SEM. dilution or diffusion zone between the steel substrate and the niobium coating, and the layer showed discontinuities represented by dark areas parallel to the surface, where the niobium was not detected in the mapping. These regions probably corresponded to coating porosities. Figure 8 shows a cross section of the steel coated with niobium-iron and created with secondary electrons, along with mappings of the elements Fe and Nb, in which clear lamellae rich in Nb and dark lamellae rich in Fe can be identified.
Chemical mapping
Some authors 27 have coated AISI 1020 steel with niobium-iron60% and niobium-iron40% alloys and found that, apart from ferrite, the Nb-rich ε phase (Fe 2 Nb) made up the greatest fraction in the niobium-iron40% alloy, which is in accordance with the Fe-Nb equilibrium diagram. However, the X-ray diffraction of the niobium-iron60% coating performed in this work and shown in Figure 9b did not indicate the formation of this phase, possibly due to the fact that the process used here was different from that used by d'Oliveira et al. 27 . The arc-transferred plasma process used by d'Oliveira is a combination of thermal spraying and welding that creates a full molten puddle and a dilution zone at the interface, unlike the high-velocity oxygen-fuel process (HVOF) used in this work. The HVOF process causes only rapid partial melting. If the niobium and iron powders are not perfectly mixed at the microscopic level, the formation of micro-regions rich in one element can occur, without metallurgical conditions conducive to the formation of new phases, due to the short time available for the thermal spraying process. Thus, it is possible to form metastable solid solutions and also cement the less molten regions to more completely molten regions.
X-ray diffraction
Figures 9a and 9b show the diffractograms of the niobium and niobium-iron60 coatings, respectively. In addition to metallic niobium (Nb) in the first figure and metallic niobium and iron (Fe) in the second, the presence of NbO (niobium monoxide) and NbO 2 (niobium dioxide) were identified in both coatings. This oxide formation in the thermally sprayed process can significantly affect the properties and performance of these layers. The oxides formed during the spraying modify the properties of the deposited material and enhance the difference between the metal substrate and coating.
With respect to mechanical properties, these oxides normally significantly increase a layer's hardness and wear resistance, but also decrease its ductility, toughness and impact resistance. In some industrial environments, the material's corrosion resistance can be improved by the formation of insoluble metal oxides 28 . Figure 10 shows a three-dimensional image of the sample topography obtained by contact profilometry. It was not possible to obtain an image of the pure niobium coating, but the roughness values of the two coatings were not very different. Table 4 shows the values for average roughness (Ra), mean square roughness (Rms or Rq) and maximum roughness or peak-to-peak (Ry). The latter is the more important quantity for evaluating the anchorage possibility of a deposited layer because, unlike the Rms and Ra roughnesses, the Ry roughness evaluates both the peaks and valleys, being the distance between the highest peak and the lowest valley within the analyzed sample area.
Profilometry: Topography and roughness
As shown in Table 4 , the steel surface began with a Ry roughness of 0.34 μm, which changed to 24.72 μm after being subjected to blasting. However, the N 2568 standard 29 states that a blasted substrate surface should have a Ry roughness between 75 and 120 μm. After the coating was applied, the Ry surface roughness increased from 25 μm, reaching 42 μm on the niobium-coated steel and 46.08 μm on the niobium-iron coated steel, while the solid niobium plate had a 1.1 μm Ry roughness ( Table 4 ). The coatings showed no significant differences in roughness from one another. However, the difference in roughness caused to the substrate by applying the coating and the coatings' possible effects in various applications required consideration.
In anticorrosive coatings, the increase in roughness can lead to a corresponding increase in corrosion rate due to the surface area increase, probable local acidification and dissolution caused by the retention of electrolytes on irregularities. Furthermore, it is preferred that engineering components have the best possible surface finish if low friction and wear are expected. However, there are cases in mechanical systems, such as brakes and clutches, where friction and good wear resistance are essential, and more efficient friction systems have therefore become a subject of study 30 . The production of thermal spray coatings have been widely used to increase wear resistance and fatigue due to hardness increases, and these coatings may also see an increase in their application as anti-corrosive components 7, 8 . In addition, surface treatments have been used to modify the thermal spray coating roughness obtained (coatings roughness), like shot penning, that have showed improvement in the properties, due to the roughness control 31 .
Microhardness
The niobium coating's hardness was very high, Table 5 being two times greater than the steel substrate's hardness and six times more than the niobium solid plate's hardness. However, the niobium-iron coating showed lower hardness values compared to the niobium coating, but they were still nearly twice the substrate's hardness. This difference between the niobium coating and solid metallic niobium plate was probably related to the microstructure and presence of oxides formed in the layer during the coating application, as shown by X-ray diffraction testing (Figure 9 ). Such results may have been associated with a significant amount of oxides in the coating.
Remarkably, the greater microhardness dispersion in the niobium coating had an average of 625 HV, with a 108 HV standard deviation, compared to the solid niobium plate. This difference was due to the influence of pores and voids present around the microhardness indentation, leading to a greater dispersion of values. The same table shows that the average hardness of the niobium-iron coating as 421 HV, with a standard deviation of 55 HV.
Electrochemical characterization
Open circuit potential measurements are given in Figure 11 . The OCP of the niobium-iron coated samples was very close to that of the non-coated steel OCP values. Nonetheless, the niobium-coated substrate showed OCP values shifted towards the less active potentials related to the non-coated steel. In any case, those niobium-coated sample potentials were closer to the non-coated steel potentials than the solid niobium plate potential, meaning that, as a first approach, the niobium coating appeared not to have formed a very efficient barrier between the substrate and the environment 32 . Keeping in mind that the majority of coatings have experienced failure and high imperfection ratios due to the method of their application or formed during their use, a smaller potential difference between the coating and the substrate is required to avoid or minimize galvanic corrosion and the formation of local cells with strong localized substrate corrosion. Thus, the potential analysis had to be performed with polarization curves. Figure 12 shows the polarization curves for the studied systems and their corrosion potential. The results obtained from the polarization test and through Tafel linear extrapolation (Table 3) showed that neither niobium coating modified the corrosion current density or polarization resistance values in a relevant way. Rather, they maintained the same order of magnitude as the uncoated steel, which was close to 100 times smaller and 100 times greater than the values obtained for the solid niobium plate. The curve profile also required consideration. The solid niobium in the niobium-coated sample showed anodic curves with a passivation region, but with different potential value intervals for the two systems. The anodic curves for the steel and niobium-iron coated samples showed almost the same potential current slope 33 . While the niobium-coated sample and the niobium solid plate had identical profiles for the cathodic curves, this same behavior was observed in the cathodic curves for the non-coated steel and the NbFe coating. This behavior indicated that adding Fe to Nb made the Nb-Fe electrochemical behavior closer to that of the steel substrate sample.
Polarization curves
The results obtained from the polarization test (Figure 12) showed that niobium coating passivation took place, but the steel substrate was nonetheless corroded because of the presence of discontinuities and porosities in the coating, making the total current density developed by the system reach higher values.
The presence of discontinuities seemed to be a determining factor regarding the poor corrosion performance of the coatings studied in this work. Niobium coatings on API 5LX70 were also studied by Matos 34 , but with plasma thermal spray process. In Matos work, OCP and polarization curves corresponding to the niobium coating also presented porosity that harmed the coating barrier effect. Hence, the polarization curves results of niobium coating were worse than that of pure niobium.
Other studies also revealed the influence of the coating quality in the corrosion performance. Kudora 35 compares the performance of nickel-based alloy coatings and stainless steel coatings. The best performance of the nickel-based alloy coatings is associated to the better coating compaction, better adherence and less amount of defects.
Another consideration was that the calculated area of the samples could have been markedly smaller than the real effective area. In other words, the effective contact area could have been considerably higher than the calculated exposed area due to the coated samples' high roughnesses ( Figure 12 and Table 3 ). If the real area had been considered, it may have shifted the curves towards lower current density values. In addition, the high roughness enhanced the electrolyte acidification due to the formation of stagnant areas, inducing local electrochemical cell formation.
3.6.3. Electrochemical Impedance Spectroscopy (EIS) Figure 13 shows the Nyquist plot obtained from the electrochemical impedance test. Figures 14 and 15 show the corresponding Bode plots. The diagrams in Figures 13  and 14 suggested that the niobium and niobium-iron coated samples reached similar impedance values compared to the uncoated steel, which stayed well below the results for the solid niobium plate. This behavior was even more apparent when evaluating the impedance moduli shown in Figure 15 , which also indicated that the systems stabilized after 1 hour of immersion. In other words, no system showed noticeable variation in its impedance modulus with immersion time until 48 hours after this initial 1-hour period.
The phenomenon observed in Figure 14 for the solid niobium plate may have been associated with niobium passivation. The niobium coating should have experienced passivation phenomenon as well, but the steel appeared to be corroded due to possible coating failures despite the passive layer, diminishing its impedance moduli values when compared with those of solid niobium, as seen in Figure 15 . Figure 16 shows the images obtained from lowmagnification microscopy of the samples after the electrochemical polarization test in the boundary between the polarized area came in contact with the electrolyte in the non-tested region. The solid niobium plate did not suffer from any perceptible modification during polarization, but the blasted steel contained a polarized area showing signs of intense corrosion. The niobium coating did not show any important surface modification in its polarized region, while niobium-iron coating experienced a small color change, tending towards a hue typical of iron corrosion products and indicating this element's corrosion.
The main factor responsible for the niobium coating's lower performance compared to the solid niobium plate appeared to be associated with the porosity and discontinuities on the layer of this coating.
Future work to obtain better performance of the coatings and with farther research purposes, the following observations must be taken into account:
Adjust of thermal spray parameters aiming to better constituted layers with less porosity; Application of sealants onto the coatings in order to fill up the pores and, in consequence, to improve the barrier effect; In addition, further work to use and test of metallic materials different to niobium as thermal spray obtained coatings, with properties that may produce reduction of defects and improvement of barrier effect. 
Conclusion
The results obtained from the SEM images in this study showed that the niobium-iron coating lacked visible porosity regions for the magnification used, but their presence was observed in the niobium coating at the same magnification. This difference was explained by better particle fusion in the niobium-iron mixture, compared to the niobium coating. The latter had a higher hardness value (625 HV) than the niobium-iron coating (421 HV). The hardness of both coatings was higher than that of the solid niobium plate and the steel substrate due to the presence of oxides in the coating, as revealed by X-ray diffraction.
The EDS results did not indicate the presence of a dilution region between the both coatings and the substrate, and the niobium-iron phase foreseen in the equilibrium diagram did not occur because the niobium-iron coating was formed by alternating iron and niobium layers, probably due to the relatively low temperature used in the HVOF process. The Ry roughness of the alumina-blasted steel remained outside the interval stated by the N-2568 standard, with lower measured values.
In terms of corrosion resistance, the coatings created in this study reduced the substrate's corrosion, but in a non-significant way due to the presence of discontinuities that compromised the coatings' barrier effects. The results obtained using potentiodynamic polarization and EIS also showed the presence of discontinuities in the niobium and niobium-iron coatings.
